Background/Objective: There is strong evidence that genetic factors may affect the craniofacial morphology. This study aimed to examine the association between the rs6184 and rs6180 polymorphic variants of the growth hormone receptor (GHR) gene and skeletal-facial profile in a Colombian population. Subjects/Methods: Saliva samples from 306 individuals ranging in age from 15 to 53 (mean 24.33) years were collected. Cephalometric parameters were used to categorize the participants as Class I, Class II, or Class III skeletal-facial profile. The polymerase chain reaction-restriction fragment length polymorphism method was used to identify genotypes of the rs6184 and rs6180 single nucleotide polymorphisms (SNPs). The association of polymorphisms with the skeletal-facial profile was assessed separately and adjusted for confounding using a multivariate binary logistic regression model, alongside with analysis of linkage disequilibrium and haplotype associations. Results: Although individuals carrying the CA genotype of the rs6184 SNP showed both significantly decreased values for ANB angle and increased measures concerning mandibular body length and mandibular length, no significant differences amongst genotype groups of rs6180 SNP were observed. Moreover, chi-square test and logistic regression analysis revealed that the CA genotype of rs6184 SNP and the A-A haplotype were highly associated with Class III skeletal-facial profile. Conclusions: Although these results do not support that rs6180 SNP could be identified as a predictor for skeletal-facial profile, they suggest that the allele A of rs6184 SNP alone or in combination with other SNPs in the GHR gene yields significant horizontal and longitudinal variations of the mandibular morphology and might be a strong/independent prognostic indicator for Class III skeletal-facial profile in the present population.
Introduction
Variations in craniofacial morphology are evident during development and growth (1) . From the orthodontic viewpoint, the skeletal-facial profile refers to the relative sagittal and vertical relationships between the cranial base, middle face (maxilla), and lower face (mandible) (2) . The synchronic development of both jaws will European Journal of Orthodontics, 2018, 378-386 doi:10.1093/ejo/cjx070 Advance Access publication 20 October 2017 allow a harmonious maxillo-mandibular growth (Class I facial profile) (3, 4) . On the contrast, the posterior or anterior mandibular relationship with respect to the maxilla in a greater proportion than stated as harmonic has been classified as Class II and Class III skeletal-facial profiles, respectively (2, (4) (5) (6) .
Although normal facial profile can be attained and maintained in spite of the variations in the facial pattern seen as a result of the change in size, position, rotation of cranial base, maxilla, and/ or mandible or cumulative effect of any two or all three, in some individuals, a disturbed pattern of differential growth may lead to a maxillo-mandibular discrepancy (7) . It has been acknowledged that the human craniofacial morphology constitutes a complex physical trait that may be determined by genetic, environmental, mechanical, and epigenetic factors (8) , and that from their relative interplay may result in the establishment of a craniofacial dysmorphosis (9, 10) . Whilst it has been established that the hereditary pattern is heterogeneous and diverse transmission models have been proposed (11) (12) (13) , the advances in clinical genetics have allowed us to identify the existence of a genetic predisposition for skeletal-facial profile (11, (14) (15) (16) (17) (18) (19) (20) . Likewise, it has been reported that single nucleotide polymorphisms (SNPs) in genes which encode mediators of bone growth and metabolism may be associated with variations in the craniofacial profile (16, (21) (22) (23) (24) (25) (26) (27) (28) .
Taking into account that growth hormone (GH) plays a major role in regulating both growth and metabolism during childhood/adolescence through the binding to its specific cell surface growth hormone receptor (GHR) (29) , it is clear that mutations in functionally critical areas of GHR gene may influence the growth and development of the craniofacial complex (30, 31) . The GHR gene is located at chromosome region 5p13.1-p12 (OMIM 600946) and consists of 10 exons, nine of which are coding (32) . Exon 2 encodes the signal peptide, exons 3 to 7 the extracellular domain, exon 8 the transmembrane domain, and exon 9 as well as part of exon 10 the intracellular domain (33) . Increasing evidence suggests that the polymorphic variants rs6184 and rs6180 in exon 10 of the GHR gene might be considered as genetic factors of mandibular morphogenesis (16, (21) (22) (23) (24) 31) . However, the association of these two polymorphic variants with different skeletal-facial profiles has not been described. Moreover, the results of their association with mandibular growth have been conflictive, because while some researchers suggest that the polymorphism rs6184 may be associated with mandibular height growth (16, (21) (22) (23) , others have postulated that the minor allele has an inhibitory effect on mandibular growth (24) . Although the available information regarding the rs6180 polymorphic variant is sparse (16, 23) , it has been suggested that it may be one of the factors that account for differences of anthropometric measurements (28, 34) . Given that identification of genetic variants that lead to a specific skeletal-facial profile would enable a more effective prognosis and treatment of cranial dysmorphosis, this study aimed to examine the association between the rs6184 and rs6180 polymorphic variants of the GHR gene and the skeletal-facial profile in a Colombian population.
Subjects and methods
Study design, study population, and inclusion/ exclusion criteria This cross-sectional, observational, analytic study was conducted in accordance with the ethical guidelines of the Helsinki Declaration, and ethical approval was obtained from the Ethics Committee for Human Studies of the Faculty of Dentistry of the University of Antioquia in Medellín (Colombia). The sample size was calculated on the basis of a previous study regarding the association of GHR gene polymorphisms with mandibular height growth (23) . It was increased by 20% to safeguard the estimations at an optimal level of precision (5%) against the potential effect of sample size reduction due to exclusions and dropouts. Thus, the theoretical sample size for clinical screening was set to 200 individuals to determine significant differences in outcomes at the 95% confidence level, with an α value of 0.05 and 80% power. However, every effort was made to recruit the maximum number of participants so that the study sample included a total of 306 participants from the population of individuals that sought treatment and/or consultation at the Graduate Orthodontic as well as Maxillofacial Surgery Clinics. Prior to enrolment, the purpose was fully explained, and a signed informed consent was obtained individually from all recruits or the parents/ custodian of those fewer than 18 years of age. Participants were privately interviewed to obtain medical and demographic information and underwent a clinical examination synchronously by two trained and calibrated raters (GA J-A, VA A-G) to rule out the presence of anatomic, pathologic, and/or functional conditions that could affect the results.
Eligibility criteria included healthy unrelated individuals of Colombian ancestry with full permanent dentition (except for third molars), older than 15 years (12), who had completed their growth and development as evidenced by the cervical vertebral maturation (CVM) stage (35) . Furthermore, exclusion criteria applied were pregnancy, ongoing or preceding orthodontic/orthopaedic therapy, as well as preceding history of maxillofacial surgery, facial fractures, jaw tumors and cysts, and congenital disorders of the jaws that could affect the craniofacial growth pattern.
Craniofacial measurements
To analyse skeletal-facial profile, lateral cephalograms were obtained with a digital pan/ceph system [Orthopos ® XG 5 orthopantomograph (Sirona Dental Systems ® , Bensheim, Germany)] under standardized conditions (73 kVp,15 mA, exposure time of 9.4 seconds, focus-sensor distance1.71 Mt, and magnification factor 1:1 for all images). The volunteers stood with the Frankfort horizontal plane parallel to the floor with their lips in rest position. Using Radiocef Studio 2 ® software (Radio Memory ® , Belo Horizonte, Brazil), the cephalometric tracings and landmark identifications were digitized and analysed simultaneously by two observers (MI P-C, GA F-M). When discordant measure data were established between the examiners, new evaluations were performed and any further controversy was resolved by consensus. Based on previous studies (2, (36) (37) (38) (39) (40) , eleven cephalometric parameters were used to categorize the participants as having a Class I (n = 112), Class II (n = 150), or Class III (n = 44) skeletal-facial profile (Supplementary Table 1 ). In some cases, a measurement was prioritized over another to classify the skeletal-facial profile of the study population. In those cases, the most appropriate analysis according to the clinical aspect of each participant was chosen.
The Class I group consisted of individuals with SNA angle values within 82 ± 2 degrees; SNB angle values of 80 ± 2 degrees; ANB angle values of 2 ± 2 degrees (36); A ┴ Na-FH values of 0.4 ± 2.3 mm for females and 1.1 ± 2.7 mm for males; and Pog ┴ Na-FH values from −2 to +4 mm (37) . At the same time, the Class II group included participants with SNA angle values greater than 84 degrees; SNB angle values less than 78 degrees; ANB angle values greater than 4 degrees (36); A ┴ Na-FH values greater than 1 mm; and Pog ┴ Na-FH values inferior to −2 mm (37) . Otherwise, the Class III group consisted of volunteers with SNA angle values less than 80 degrees; SNB angle values greater than 82 degrees; ANB angle values less than 0 degrees (36); A ┴ Na-FH values less than 1 mm; Pog ┴ Na-FH values greater than 4 mm (37). Synchronously both mandibular body length (Go-Mn distance) and maxillary length (ANS-PNS distance) were assessed for all individuals following previously described criteria (2, 38) in order to determine the sagittal mandibular and maxillary sizes for each diagnostic group, respectively. When indicated, data were calculated separately for male and female individuals so as to determine the skeletal-facial profile according to the sexual dimorphism. In specific cases which some of the measurements were outside the limits previously established for each parameter, the results for both ANB and the distances to Na perpendicular, which could better represent the skeletal-facial profile of the individual, and that would be in agreement with the linear measurements for classifying the mandibular and the maxillary dimensions, were prioritized.
DNA isolation and genotyping assay
For DNA isolation, 5 ml of unstimulated whole saliva was collected from each individual into a 50 ml sterile plastic centrifuge tube (Greiner Bio-one ® , Frickenhausen, Germany). After collection, whole saliva was clarified by centrifugation for 10 minutes at 800 × g. The obtained pellet was dispersed by using a vortex for 15 seconds, and 200 µl were used for DNA extraction using the QIAamp ® DNA mini kit (Qiagen Sciences ® , Germantown, Maryland, USA). DNA was stored frozen at −20°C until use.
Polymorphic sites were determined by polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) method. Specific primers used for determining the rs6184 (41) and rs6180 (34) , Hamburg, Germany). PCR products were run in 2% agarose gel electrophoresis in TBE (Tris-Borate-EDTA) buffer, stained with 0.5 mg/ml ethidium bromide and visualized in an ultraviolet transilluminator. The sizes of the expected fragments before enzymatic digestion were 1037 bp for rs6184 and 672 bp for rs6180 SNPs. As a molecular size marker, 100-to-1500 bp in multiples of 100 bp DNA ladder was used. For negative control, DNA sample was replaced by sterile water. PCR products from rs6184 and rs6180 polymorphic sites were respectively digested with Eco147I (Thermo Scientific 
Statistical analysis and data management
Data collected were analysed in standard statistical software (IBM ® SPSS ® 23.0, Chicago, IL, USA). The intra-raters agreement for cephalometric measures, CVM stage, as well as for PCR assays was determined through double evaluations for each specific test performed by the same observers with 10 participants selected randomly using a computer-generated randomization code (Epidat 4.0 ® , PAHO/ WHO, Washington, DC, USA). The interval between tests 1 and 2 was 6 months. For comparisons, the reliability between the two series of data was assessed by using the Cohen's kappa statistic (κ) for categorical variables and the intraclass correlation coefficient (ICC) for quantitative variables. A value less than 0.40 indicated poor reproducibility, 0.40-0.80 indicated fair to good reproducibility, and greater than 0.80 indicated excellent reproducibility. All grouped data were tested for normality using the Kolmogorov-Smirnov and Shapiro-Wilk tests when indicated. Because the data were normally distributed, statistical tests were performed using parametric methods.
Statistical analysis was then performed on three levels: First, between-group comparisons were explored in bivariate analyses in order to detect differences regarding demographic, clinical, and cephalometric parameters, as well as for genetic variants, as well as to identify potential predictor variables for association with skeletal-facial profile. Pearson's chi-square test (χ 2 ) or Fisher's exact test (when frequency was less than 5) was used for categorical variables, and one-way analysis of variance (ANOVA) with Bonferroni multiple-comparison or unpaired t tests was applied to determine differences amongst continuous data. Furthermore, deviation from Hardy-Weinberg equilibrium (HWE) was assessed by goodness-offit by comparing the rs6184 and rs6180 genotype frequencies with those expected on the basis of the observed alleles using χ 2 critical value test with 1 degree of freedom. Linkage disequilibrium (LD) amongst both SNPs and haplotype frequencies/distribution was further analysed using Haploview 4.2 software (MIT/Harvard Broad Institute, Cambridge, Massachusetts, USA). LD was measured based upon calculating disequilibrium (D') and correlation (r 2 ) coefficients values. Second, univariate analysis amongst significant genetic predictors with skeletal-facial profile was conducted to assess the association as estimated by the odds ratio (OR) and 95% confidence interval (CI). Positive associations existed when the OR was greater than 2 and the confidence range did not include 1.0. Third, the strength and the independence of the association were further analysed by multivariate binary logistic regression analysis, whilst adjusting for covariables with a level of significance less than 0.20 in the bivariate analysis which were categorized according to the mean age obtained from all participants (i.e. less than 24.33 versus 24.33 or more years), the history of digital-sucking habit (i.e. yes versus no), and the history of oral-breathing habit (i.e. yes versus no). In this model, P < 0.05 was used as the entry criterion, whereas P > 0.10 was the removal criterion. The calibration and discrimination ability of the multivariate model was evaluated through the Hosmer-Lemeshow goodness-of-fit statistic and the c-statistic tests, respectively. All tests were two-sided and statistical significance was assumed a P-value of less than 0.05.
Results

Reproducibility of the measurements
Overall, intra-raters reproducibility was excellent not only for all cephalometric measurements recorded simultaneously per patient by the same two examiners (ICC ranging from 0.901 to 0.998, all P < 0.001), but also for CVM stage (κ = 1.00). Also, intra-observer agreement was excellent for genotyping assays (κ = 1.00).
Demographic, clinical, and cephalometric characteristics of the study population
Bivariate comparisons between demographic and clinical variables as well as cephalometric measurements assessed from participants recruited for this study are outlined in Table 1 . As can be seen from this table, with respect to the evaluated variables, the only significant variable for association with skeletal-facial profile was the oralbreathing habit, since it was significantly more common (P = 0.010, χ 2 test) for Class II and Class III profiles than in Class I profile so that it was considered as a confounder of the association between genetic findings and the skeletal-facial profile. In addition, although there were no significant differences between skeletal-facial profiles with respect to age and digital-sucking habit (P > 0.05, one-way ANOVA and χ 2 tests), these two latter variables were considered additional confounding variables as they met the criteria to be included in the multivariate analysis model (P < 0.20). As also depicted in Table 1 , although there were no significant differences between the groups with respect to mean values of cranial base length, not surprisingly all maxillary/mandibular measurements were statistically different between them (all P values <0.05, one-way ANOVA).
Identification of GHR genotypes and analysis for association with the skeletal-facial profile
The genotypes for each polymorphism were clearly distinguished from each other by distinct banding patterns, according to the presence or absence of the restriction site ( Supplementary Fig. 1 ). The distribution of genotypes and alleles of each SNP according to the skeletal-facial profiles is displayed in Table 2 . All of the groups were in HWE with non-significant χ 2 values comparing the observed and expected genotype frequencies (P > 0.05, χ 2 < 3.841). In relation to rs6184 polymorphism, although there were no individuals with the homozygous mutation (AA), the results showed that only the genotype CA was a significant candidate for association with Class III skeletal-facial profile (P < 0.001, χ 2 ). Also, a significant over-representation of the allele A was observed in Class III compared with Class I or with Class II skeletal-facial profiles (P < 0.001). On the other hand, concerning rs6180 polymorphism, no significant differences neither in the distribution of genotypes nor in the allele frequencies for this polymorphism amongst skeletal-facial profiles were observed (all P values >0.05). Also as a result, in the whole study group, the minor allele frequency (MAF) for the A allele of rs6184 polymorphism was 1.8%, whereas the C allele of rs6180 polymorphism showed a MAF of 38.4% (data not shown).
The analysis by Haploview showed that rs6184 allele A was with high probability present only in chromosomes that carry also rs6180 allele A. This means that a haplotype A (rs6184)-C (rs6180) would not have existed in this study group, and the parameters D' and r 2 get values of 1 indicating strong linkage equilibrium between the polymorphisms. In addition, haplotype analysis showed that whereas two major haplotypes (C-A, C-C) accounting for 98.2% of estimated haplotypes in this Colombian population, the A-A haplotype had a frequency of 1.8%. Nevertheless, as shown in Table 3 , the A-A haplotype was found to be significantly more frequent in Class III skeletal-facial profile (P < 0.001, χ 2 ) than in Class I and Class II groups.
On the other hand, additional bivariate tests (Table 4) revealed that, irrespective of diagnosis group, both mandibular body length and mandibular length were significantly larger, whereas the ANB angle was significantly smaller in those individuals carrying the CA genotype of the rs6184 SNP (P < 0.005, unpaired t-test). Conversely, no significant differences were observed between measurement parameters for craniofacial morphology according to the genetic variants of the rs6180 SNP (all P > 0.05). Also, after haplotype comparison, the results showed similar significant variations for these three cephalometric parameters in individuals having the A-A haplotype when compared with others without the A-A haplotype (all P < 0.05, one-way ANOVA/Bonferroni multiple comparison test, data not shown).
Univariate and multivariate binary logistic regression analyses for association of GHR gene polymorphisms with the skeletal-facial profile Based on the bivariate analyses and taking into account that significant associations were detected between rs6184 polymorphism and the A-A haplotype regarding Class III skeletal-facial profile, only these parameters were fitted into a multivariate binary logistic regression model to examine the strength and independence of the relationship and to assess for the presence of confounding after adjusting for age, digital-sucking habit, and oral breathing habit. The initial and final models derived from this analysis are displayed in Table 5 . The Table 2 . Bivariate associations between genotype distributions and allele frequencies of the GHR gene variants and skeletal-facial profiles.
SNP id
Skeletal-facial profile ). b Statistically significant difference as compared with Class I skeletal-facial profile (P = 0.002, Fisher's exact test). Table 3 . Bivariate associations between haplotypes estimated on the basis of genotypic data for rs6184 and rs6180 single nucleotide polymorphisms (SNPs) spanning the linkage disequilibrium (LP) block covering exon 10 of the GHR gene and skeletal-facial profile. Hosmer-Lemeshow goodness-of-fit test probability values varied from 0.290 to 0.391, confirming good calibration and fit of the multivariable model. Likewise, the c-statistic values ranged from 0.861 to 0.866 in the adjusted model, thus indicating good discrimination. As it could be noted from this table, the OR of Class III skeletal-facial profile was significantly increased (P < 0.001, Wald's test) for individuals with the CA genotype of the rs6184 SNP as well as the A-A haplotype. Otherwise, based on the multivariate binary logistic regression model, it was noteworthy that the associations between the CA genotype of the rs6184 SNP or the A-A haplotype with Class III skeletal-facial profile were not confounded by other variables. In both cases, the associations persisted (P < 0.001, Wald's test) when adjusted for other covariables.
Discussion
Over recent decades, the genetic control of craniofacial growth and development has been the focus of a large number of studies (11, 16, (21) (22) (23) (24) (25) (26) (27) (28) 42) . From these studies, it has been recognized that craniofacial morphology follows the pattern of multifactorial inheritance (20) . Notwithstanding, the majority of the studies have only examined the correlation between mandibular height and genotype, and few published studies have focused on the description of SNPs in normal human populations and their association with the skeletal-facial profile (14, 18, 20, 28) . In view of this fact, this cephalometric study investigated whether rs6184 and rs6180 SNPs in GHR gene might be linked with the skeletal-facial profile in a group of Colombian individuals. The cephalometric measurements calculated in this study were compared with Caucasian norms (37) because of the lack of data available from Colombian population. It is possible to assume that the study included a sufficiently large sample of individuals with different maxillo-mandibular relationships, which were categorized as Class I, Class II, or Class III skeletal-facial profile. Even so, information derived from these data may not necessarily portray the true cephalometric averages of the Colombian population. Hence, large-scale studies need to be performed to have greater statistical power and precision. In the search for candidate genes involved in craniofacial dysmorphogenesis, genetic polymorphisms affecting gene activity are prime targets (22) . This investigation constitutes an explorative approach evaluating variations in detection frequencies of GHR SNPs from human genomic DNA obtained from saliva of the study participants in order to identify potential associations with skeletal-facial profile. The foremost findings reported here were that both the CA genotype of rs6184 SNP and the A-A haplotype were highly associated with Class III skeletal-facial profile in a Colombian population. The current findings suggest that the functionality of these SNPs might depend on gene-gene and gene-environmental interactions which could affect the skeletal-facial profile directly or indirectly, changing the function of the GHR protein, or also affecting their expression levels (21) . In addition, there would also be the possibility that the effect would be caused by some other genetic variant, not studied here, in the GHR or some other gene, which is located in the same chromosome (haplotype).
The present findings partially parallel those reported by others, which found significant associations between the CA genotype of rs6184 SNP (16, 31) and lack of association with any of rs6180 polymorphic variants (16) regarding mandibular morphology. However, different results have also been described since some have observed significant associations between CC genotype of rs6184 (23) and CC genotype of rs6180 (22) SNPs regarding mandibular morphology. Given that craniofacial morphology has ethnic differences (16, (43) (44) (45) , it is important to highlight that the observed differences may be mainly due to different genotype/allele frequencies in distinct populations which may be attributed essentially to ethnic and geographical factors and that may complicate interpretation of the results of genetic studies. The Colombian population represents a mixture of different ethnic backgrounds (46) and this circumstance makes it very difficult to match the ethnicity of participants.
It has been acknowledged that SNPs represent natural sequence variants in which the minor allele has a frequency greater than 1% in a human population (47) . Nevertheless, both genotype and allele frequencies may vary between different ethnic groups, being more or less similar between populations sharing common ancestries or underlying different phylogeographical origins (48) . In agreement with the former, in the present study, MAF of A allele of rs6184 SNP was 1.8%, nearly analogous to what was observed for other populations including Colombians (2.0%), Mexicans (2.0%), Peruvians (2.0%), Puerto Ricans (3.0%), and Europeans (2.0%), whereas East Asian populations show population frequencies of the allele ranging from 8.2 to 17.7% (www.1000genomes.org/1000-genomesbrowsers) (49). For rs6180 SNP, the MAF of the C allele (38.4%) was also quite similar to what previously reported in that database On the other hand, although there are controversies regarding the genetic association studies, the evaluation of these SNPs in the craniofacial skeleton could be helpful to unravel their putative role in the determination of skeletal-facial profile. In accordance with the former view, it has been previously shown that individuals carrying the CA genotype of rs6184 SNP present statistically higher values of mandibular ramus height (16, 23) and mandibular length (31) . Equally, carriers of CC genotype of rs6180 SNP had showed a longer ramus than those with the genotype AC or AA (22) . In the current study, however, although individuals carrying the CA genotype of the rs6184 SNP showed both significantly decreased values for ANB angle and increased measures concerning mandibular body length (Go-Mn distance) and mandibular length (Cd-Gn distance), no significant differences in cephalometric parameters amongst genotype groups of rs6180 SNP were observed. Adhering to the findings herein presented, it looks that rs6184 SNP of the GHR gene can affect not only the horizontal but also the longitudinal development of the mandible, thus leading strongly/independently to the acquisition of a Class III skeletal-facial profile. In this sense, it has been described that mandibular growth greatly depends on cartilage growth and is a multifactorial phenomenon in which genetic disposition, nutrition, homeostasis, hormones, and growth factors interact (23, 50) so that the cartilage-mediated growth in the mandibular condyle might play an important role in the determination of growth and morphology of the craniofacial complex (51) . Given that the GHRs not only have been shown to be present in the mandibular condyle (52), but also play an important role in cartilage growth (50) , amino acid changes in GHR gene, including the rs6184 and rs6180 variants, might affect mandibular growth with site-, area-, or region-specific effects (16) , therefore resulting in a morphological difference between heterozygote and wild type genotypes.
Conclusions
Although the current results do not support that rs6180 SNP in the GHR gene could be identified as a predictor for skeletal-facial profile, they suggest that the allele A of rs6184 SNP alone or in combination with other SNPs in the GHR gene may account for significant horizontal and longitudinal variations of the mandibular morphology and might be a strong/independent prognostic indicator for Class III skeletal-facial profile in the present population.
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